Objective: To measure the relative effects of each of four phytosterol ester-enriched low-fat foods (bread, breakfast cereal, milk and yoghurt) on serum lipids, plasma phytosterols and carotenoids. Design: Three research centres undertook a randomised, incomplete crossover, single-blind study consisting of four treatment periods of 3 weeks each, one of which was a control period. Each sterol-enriched test food provided 1.6 g/day of phytosterols as sterol esters. Setting: General Community. Subjects: In all 58, free-living men and women with mean age (s.d.) 54 (8) y, moderately elevated plasma total cholesterol 6.2 (0.7) mmol/l and body mass index 26.2 (3.0) kg/m 2 . Main outcome measures: Serum lipids, plasma phytosterols and carotenoids. Results: Serum total and LDL cholesterol levels were significantly lowered by consumption of phytosterol-enriched foods: milk (8.7 and 15.9%) and yoghurt (5.6 and 8.6%). Serum LDL cholesterol levels fell significantly by 6.5% with bread and 5.4% with cereal. They were both significantly less efficacious than sterol-enriched milk (Po0.001). Plasma sitosterol increased by 17-23% and campesterol by 48-52% with phytosterol-enriched milk and bread. Lipid-adjusted b-carotene was lowered by 5-10% by sterols in bread and milk, respectively. Conclusions: This is the first study to demonstrate that cholesterol-lowering effects of plant sterol esters may differ according to the food matrix. Plant sterols in low-fat milk was almost three times more effective than in bread and cereal. Despite phytosterolenriched cereal products resulting in lower serum cholesterol reductions compared to sterol-enriched milk, the detection of similar changes in plasma phytosterols demonstrated that such products still delivered and released phytosterols to the gut.
Background
There are extensive data confirming the effectiveness of esterified phytosterols in margarines with LDL cholesterollowering of 10-15% with a dose of 1.6-2.4 g/day of sterol (Ling & Jones, 1995; Weststrate and Meijer, 1998; Hendriks et al, 1999; Noakes et al, 2002) . There are no published data on the use of plant sterols in low-fat foods, such as bread and cereal although the use of a combination of sterols in these products in addition to sterols in margarine, suggest that they are equally efficacious in these foods (Nestel et al, 2001) . There are two studies showing that 1-2 g/day of sterols or stanols in low-fat yoghurts are effective at lowering LDL cholesterol in patients with moderate primary hypercholesterolemia (Volpe et al, 2001; Mensink et al, 2002) but no studies have used low-fat milks. It is possible that the milk fat globule membrane which has been altered by acid and/or microbial action in yoghurts may adsorb sterols differently to a native membrane. No study has directly compared different food products to determine if the food matrix alters the effectiveness of phytosterols. The failure of sitostanol in a capsule formulation to lower cholesterol suggests that the environment in which the sterol is delivered is important (Denke, 1995) . The aim of this study was to demonstrate in a randomised, single-blind, incomplete crossover over design the effect of an equivalent 1.6 g/day free sterol consumed as an ester in bread, breakfast cereal, milk and yoghurt on plasma lipids and plasma carotenoids in mildly hypercholesterolaemic subjects.
Methods

Subjects
Mildly hypercholesterolaemic men and women (20-25 in each centre) were recruited by public advertisement in each of the three clinical research centres. Subjects were screened on the basis of the following inclusion criteria: age 20-75 y, body mass index (BMI) o31 kg/m 2 , total serum cholesterol 45.0 mmol/l and o7.5 mmol/l, no lipid lowering medication, no diabetes, normal thyroid status and no metabolic disorder other than hyperlipidaemia, not taking medications likely to affect lipid metabolism and no requirement for such medication, serum triglycerides o4.5 mmol/l, no strong aversion and no known allergies/intolerances to the foods involved. The study was approved by the CSIRO Human Experimentation Ethics Committee (site 1), the Baker Medical Centre Ethics Committee (site 2) and the Royal Prince Alfred Hospital Ethics Committee (site 3) and all subjects gave informed consent. There were no significant differences between subjects in the three centres which were all located in major cities. The study was a joint initiative of the three research centres hence the multicentre design.
Study design
There were four intervention periods each of 3 weeks duration. During each period, one sterol-rich food was eaten. The foods eaten in each period are outlined in Table 1 . The order of test foods was randomised separately for each centre. Although all four foods were eaten during each period, only one phytosterol-enriched food was tested in each of three active intervention periods and one period was the control period. There was no washout. During the control period none of the four foods was enriched with phytosterol esters. The study was conducted simultaneously with all subjects in the three centres and food was supplied in one package for each 3-week period.
Food requirements
Serve sizes per day were yoghurt 200 g, bread (white) two slices, cereal (muesli style) 45 g, milk (2% fat, extended shelflife) 500 ml. Each serve of phytosterol-enriched food contained 1.6 g of phytosterols. Subjects were requested to consume one serve of each food per day spread across at least two meals. The composition of the food products is shown in Table 2 . The sterols were predominantly of soybean oil origin and consisted of 50% sitosterol, 20% stigmasterol and 20% campesterol. They were 94% esterified with fatty acids from soybean oil.
Measurements
The following measurements were made during the study:
Dietary intakes were monitored using food frequency questionnaires (Hodge et al, 2000) during each intervention to determine compliance and assess micronutrient intakes. This was carried out in two centres only. A daily record of the consumption of the supplied foods was also used to assess compliance. Weight and height of subjects were determined at entry to the study. Subsequently, subject weights were measured at each visit to the clinic. Subjects were provided the opportunity to report adverse events, if any, at each visit. Subjects were requested to complete daily a checklist of foods consumed during interventions. Serum lipids (total cholesterol, HDL cholesterol, triglycerides) were determined on two consecutive days at the end of each period (weeks 2, 5, 8, 11 and 14) . LDL cholesterol levels were calculated (see later). Plasma phytosterols and carotenoids were measured in one centre at the end of each period for the control, bread and milk treatments. Plasma phytosterols. Plasma phytosterols were determined by gas chromatography based on a modification of the method described by Wolthers et al (1991) . Briefly, 400 ml of plasma sample was saponified with 400 ml of 33% KOH at 601C for 30 min, cooled and extracted with hexane. The extract was evaporated to dryness with a stream of nitrogen and the phytosterols were derivatised by treatment with 150 ml SyLON BTZ (Supelco) for 30 min at 801C. The silyl derivatives of the phytosterols were extracted into hexane, concentrated with a stream of nitrogen to 50 ml and a 1 ml aliquot was injected onto the GC column (split ratio 1:10). The gas chromatograph consisted of a DANI 6500 instrument equipped with a split/splitless injector, flame ionisation detector coupled to a DELTA computerised chromatography data system. The injector, detector and oven temperatures were set at 275, 275 and 2801C, respectively. The capillary column used was a 60 m Â 0.22 mm BPX5 (SGE Australia P/L). Plasma phytosterol concentrations were calculated from the standard curves using the ratio of the phytosterol peak area to the peak area of the internal standard (5b-cholestan-3a-o1). The pure internal standard, lathosterol, campesterol and sitosterol reference samples were obtained from Sigma Chemicals Co (St Louis, USA).
Plasma carotenoids and vitamins A and E. After subjects fasted overnight, blood samples were collected using EDTA as an anticoagulant. The plasma was separated by low-speed centrifugation and frozen immediately in liquid nitrogen and then stored at À801C until analysis. Plasma extractions and HPLC chromatography were performed according to the method of Yang and Lee (1987) . Minor modifications to this method were derived from Khachik et al (1992) .
Sample preparation and analysis. Only a small number of samples were processed at any one time to minimise the exposure to laboratory conditions. The lighting was minimal throughout sample preparation and amber vials were used for the final extract storage. Samples had the internal standard added and an equal volume of ethanol. Vitamins and carotenoids were extracted with hexane and the extract was evaporated to dryness under nitrogen. Extracts were then stored at À201C. Mobile phase was used to redissolve the samples ready for HPLC analysis. All samples from each volunteer were extracted in duplicate and analysed in one run on the HPLC to minimise the effect of day-to-day variation.
Quality control. A standard reference material (National Institute of Standards and Technology product 968b) was initially tested after preparation of the standards. All vitamins and carotenoids at the high, medium and low levels fell within the certified ranges. A quality control (QC) plasma was prepared for this study by pooling B20 ml plasma which was mixed thoroughly and 500 ml aliquots were transferred into storage vials and run with each batch of samples. QC plasma was stored at À801C. A Shimadzu LC 10 HPLC fitted with a refrigerated autosampler and a SPD-M10Avp photodiode array detector with a class LC 10 chromatography work station was used for analysis of the prepared samples. Isocratic separations of the fat-soluble vitamins and carotenoids were carried out on a Rainin (4.6 mm ID Â 250 mm length) C18 (5 mm spherical particles) reverse-phase column. The mobile phase was a mixture of acetonitrile (55%), methanol (22%), hexane (11.5%) and dichloromethane (11.5%) at a flow rate of 1.0 ml/min. Ammonium acetate (0.01% w/v) was added to the mobile phase for stabilisation of the carotenoids. Wavelengths of 292 nm (a-tocopherol and a-tocopherol acetate), 325 nm (retinol), 450 and 472 nm (carotenoids) were monitored throughout each run.
Standards (trans a-and b-carotene, lycopene, lutein, retinol, a-tocopherol and a-tocopherol acetate) were obtained from Sigma Chemical Co., St Louis MO, USA. Solvents, (hexane, methanol, acetonitrile and dichloromethane) were all analytical HPLC grade while the ethanol was 99.5% Univar absolute ethanol.
Statistical analysis. Repeated measures analysis of variance was calculated with treatment period as the withinsubject factor and with centre and gender as the betweensubject factor. Age, baseline LDL cholesterol and BMI and change in weight between periods were inserted into the model as covariates. Baseline carotenoid levels were inserted into the model examining the effects of phytosterols on plasma carotenoids. Carotenoids were adjusted by dividing by the total cholesterol level at the time of measurement of the carotenoid. Where there was a significant treatment effect detected by repeated measures, post hoc tests were used to locate differences using a Bonferroni correction to make allowance for the large number of tests performed. Time effects were examined by analysing changes from baseline to each period. Analyses were performed with SPSS 10.0 for WINDOWS (SPSS Inc., Chicago). Significance was set at Po0.05. The study was powered such that 40 subjects across two centres would be sufficient to see a 5% fall in LDL cholesterol.
Results
Subjects
A total of 58 subjects (35 women and 23 men) completed the trial. Five subjects (four in site 3 and one in site 2) failed to complete the trial because of time commitments. They had an average age of 54 y, weighed 74 kg (BMI 26.2 kg/m 2 ) and gained an average of 0.9 kg (Po0.01) over the 12 weeks. The largest weight difference between control and phytosterolenriched periods was 2 kg. Baseline total cholesterol was 6.24 mmol/l, HDL cholesterol 1.5 mmol/l and triglyceride 1.58 mmol/l. There were no differences between centres in volunteer demographics.
Compliance
Dietary compliance from the food checklist in all three centres was excellent, averaging 96%. There was no variation in compliance across foods or across centres and compliance did not explain differences between foods nor differences in individual results.
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Dietary data
There were no changes in reported intakes of energy, fat, carbohydrate or protein intakes across any of the phases or between the centres (data not shown).
Serum lipids
Serum total cholesterol levels (Table 3) were lowered by phytosterol consumption in milk by 0.66 mmol/l (95% CI 0.45-0.74 mmol/l) or 9.7% and in yoghurt by 0.36 mmol/l (95% CI 0.19-0.54 mmol/l), or 5.6%. Similarly, LDL cholesterol levels were lowered by phytosterol consumption in milk by 0.72 mmol/l (95% CI 0.58-0.85 mmol/l), or 15.9%, and in yoghurt by 0.36 mmol/l (95% CI 0.22-0.50 mmol/l), or 8.6% (Table 3 ). In the 22 subjects who consumed both yoghurt and milk, the significance of the difference between the two foods was P ¼ 0.04 with a 95% CI of 0.02-0.56 mmol/ l for LDL. Baseline LDL cholesterol was unrelated to the response to sterol-enriched foods and there were no statistical differences between centres. There were no time effects. The baseline LDL cholesterol was lower than the control LDL cholesterol probably because of the extra fat in the cereal. The changes in serum lipids when phytosterol-containing cereal foods were consumed were similar or lower, with LDL cholesterol levels falling 6.5% for bread and 5.4% for breakfast cereal. In this study bread and breakfast cereals were less effective vehicles for cholesterol-lowering with phytosterols than milk (Po0.001) with 95% CI of the difference between the effect of phytosterol-enriched milk on serum LDL cholesterol and between phytosterol-enriched bread of 0.39-0.82 mmol/l (n ¼ 18), and 0.32-0.58 mmol/l for phytosterol-enriched breakfast cereals (n ¼ 40) in those subjects who ate both. Neither of these two forms of phytosterol-enriched food were significantly different in efficacy from phytosterol-enriched yoghurt.
Serum HDL cholesterol levels fell from baseline to the control period by 0.05 mmol/l (P ¼ 0.01), which is probably related to the small weight gain seen from baseline (0.9 kg). HDL cholesterol levels rose significantly by 5% in the phytosterol-enriched bread period only compared with control periods. This was probably a chance finding only as it did not occur with other phytosterol-enriched foods. Serum triglyceride levels did not change during the trial. Table 4 shows the results for plasma phytosterols and lathosterol (as an indicator of cholesterol synthesis) for control, phytosterol-enriched milk and bread periods in all three centres combined. Measurement of plasma phytosterols indicated that the availability for absorption of the phytosterols may be quite separate from their effects on serum lipids, as sterol-enriched bread elevated plasma sterols as much as sterol-enriched milk although it had much smaller effects on serum LDL cholesterol.
Plasma phytosterols
Plasma lathosterol levels did not change but levels of both campesterol and sitosterol increased by 27-52%. Adjusted lathosterol was elevated by about 20% with milk but was not changed by bread. There was no relationship between the change in cholesterol levels and the change in levels of sitosterol or campesterol. The change in cholesterol levels was not predicted by baseline levels of lathosterol, sitosterol or campesterol (either adjusted by dividing by total cholesterol or unadjusted values) or the ratio between plasma phytosterols and plasma lathosterol levels. Thus, subjects who absorbed phytosterols well unexpectedly did not appear to have a better response to phytosterols than those who absorbed phytosterols poorly and/or had high cholesterol synthesis (as assessed by lathosterol levels) (Table 4) .
Plasma carotenoids
Plasma carotenoids were measured during the control phase and after sterol-enriched milk and bread. With sterolenriched milk only adjusted b-carotene levels were significantly lowered (À10%) while total cholesterol levels fell by 9.7%. The correlation between the fall in b-carotene and the fall in cholesterol was weak (r ¼ 0.34, Po0.05), while there was no correlation between falls in adjusted b-carotene levels and falls in cholesterol. With sterol-enriched bread the bcarotene reduction was significant (a 4% fall) after log transformation of adjusted data (P ¼ 0.021). Total cholesterol fell by 5% with sterol-enriched bread. In the 18 subjects who ate both sterol-enriched milk and bread, the fall in unadjusted b-carotene was twice as great with sterolenriched milk as with sterol-enriched bread, while the other carotenoids were not different. 
Discussion
This is the first study to directly compare the efficacy of individual foods fortified with plant sterol. Although all phytosterol-enriched food forms significantly lowered LDL cholesterol levels, the greatest lowering of LDL cholesterol concentration was seen with the low-fat milk, possibly due to the nature of the vehicle. Phytosterols may be incorporated into the milk globule membrane and be readily available for transfer into the micellar membrane, while in the other low-fat foods they may be trapped in the centre of the lipid droplets and not available until the fat is digested. The fall in LDL cholesterol of 16% is greater than usually observed with 1.6 g/day of plant sterols in margarines (Table 5 ). This fall in LDL cholesterol is very similar to that observed with intakes of 3.2 g/day of phytosterol or phytostanol esters consumed in margarines (Weststrate & Meijer, 1998) . There may be some benefit in increasing intakes from 1.6 to 3.2 g/day when the food vehicle is bread and cereal, as this food matrix appears to influence phytosterol effectiveness. In considering the effect on blood lipid levels, it should be noted that there is a wide range of reported effects on LDL cholesterol with falls as little as 6.5 and 7.9% with 1.6 and 3.2 g/day phytosterols (delivered as the ester) in margarine respectively (with no difference between these two intakes) (Hendriks et al, 1995) and up to 14% cholesterol lowering with 2.6 g/day of stanol ester margarine (Miettinen et al, 1995) . Clearly, however, low-fat foods can be just as effective as high-fat foods.
Consistent with other studies, very low levels of phytosterols were detected in plasma. These were significantly different from the control period. The detection of phytosterols in plasma demonstrated that despite phytosterol ester-enriched cereal products resulting in lower serum cholesterol reductions (compared to enriched milk), such products still delivered and released phytosterols to the gut which were available for absorption. The elevation in plasma sitosterol and campesterol with phytosterol ingestion is about 50% lower compared with the 39 and 71% increase seen by Weststrate and Meijer (1998) ; however, the dose used in that study (3.3 g/day) was about twice the dose used in this study. Campesterol appears to be absorbed to a greater degree than sitosterol as the amount in the phytosterol margarine is about half of the sitosterol level, while the increase in plasma is about twice. However, altered hepatic clearance may also account for this difference (Sudhop et al, 2002) .
Although there were some minor falls in lycopene and atocopherol and a-carotene before adjustment the effects on b-carotene levels are the most consistent. The magnitude of the change is in the order of 10% after adjustment regardless of the change in LDL cholesterol with the food. This is negligible compared with seasonal changes of 70% for a-and b-carotene (Maskarinec et al, 1999) . Dietary advice to eat five serves/day of fruit and vegetables (including one that is carotenoid-rich) can increase a-carotene by 32% in 4 weeks (Noakes et al, 2002) . 
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Values with different superscripts are significantly different (Po0.05) from each other. Adjusted lathosterol computed separately for the milk (M) and control pairs (n=40) and the bread (B) and control pairs (n=36); mean7s.d., mg/ml. The lowering of plasma carotenoid concentrations by spreads containing phytosterols has been reported previously. Weststrate and Meijer (1998) compared a phytostanol-ester spread (Benecol) with esterified sterols from soybean, sheanut or ricebran and found that all reduced lipid standardised carotenoids but to a variable extent (À9 to À43%), and this was not related to the magnitude of lipid lowering. Benecol and the soybean ester margarine (contributing 2.7-3.3 g/day phytosterols) both significantly lowered plasma a-and b-carotene levels by 19%. There was a similar fall in lycopene but it was not significant. Gylling et al (1999) also reported a fall of 25% in lipid standardised bcarotene (but not a-carotene) with 2.6 g/day phytostanols from fortified spread. Furthermore, lipid standardised plasma a-plus b-carotene concentrations were decreased by 8, 5 and 15% and lycopene nonsignificantly by 7-10% by daily consumption of 0.83, 1.61 and 3.24 g phytosterol equivalent in spread, respectively (Hendriks et al, 1999) . The difference between the two highest intakes was significant for a-and bcarotene combined (unadjusted, Po0.05). Interestingly, the a-and b-carotene levels in the Dutch studies (Weststrate & Meijer, 1998; Hendriks et al, 1999) are similar to those reported here (the levels are about 20% greater in Australia), while the plasma lycopene in Holland varies from 26 to 60% of the Australian level. Thus, the public health risk of consuming phytosterol-enriched margarine spreads in terms of carotenoid-lowering is minimal as the changes are within the differences seen between countries.
In conclusion, we have demonstrated that phytosterols in all food forms tested in this study lower serum LDL cholesterol with low-fat milk being the most effective vehicle with a 16% lowering with 1.6 g/day of phytosterols.
